Tin dioxide (SnO 2 ) has attracted broad interest due to its particular gas-sensor property. Nano-or atom-scale SnO 2 material has always been the aim in order to ultimately improve the sensitivity. However, until now, it remains difficult to synthesize SnO 2 nanoclusters by using traditional methods. In the present work, we have achieved the preparation of SnO 2 nanoclusters by using the cluster beam deposition technique. The obtained nanoclusters were well characterized by high resolution transmission electron microscope HR-TEM. Results indicated the formation of the well-dispersed SnO 2 nanoclusters with uniform size distribution (5−7 nm). Furthermore, an obvious metal insulator transition was observed by gating with ionic liquid. Combined with theory calculation, the corresponding mechanism was systematically analyzed from oxygen vacancy induced electron doping.
Well Dispersed SnO 2 Nanoclusters Preparation and Modulation of Metal-Insulator Transition Induced by Ionic Liquid

I. INTRODUCTION
As a typical wide band gap semiconductor material, SnO 2 has attracted great interest due to its outstanding gas sensor property [1−4] . To improve the sensitivity of gas detector, SnO 2 material with larger surface-volume ratio is imperative. Among various nano-materials, nanoclusters demonstrate unique superiority in catalysis and gas-sensor fields because of the ultimate active bonds surrounding the surface. Many methods have been devoted to preparing SnO 2 nano-materials [5−7] , but till now the effective preparation for well-dispersed SnO 2 nanoclusters especially with diameter less than 10 nm are still a big challenge according to the traditional routes. For example, hydrothermal synthesis is a good approach for nanoparticle preparation, but still difficult for SnO 2 nanoclusters synthesis because of the nanoparticles agglomeration and the complex reactive route which frequently results into by-products.
While it has been reported that gas phase cluster beam deposition system demonstrates a unique advantage in nanocluster preparation [8−20] , even the desired atomic clusters can be achieved by applying mass- † Part of the special issue for "the 19th International Symposium on Small Particles and Inorganic Clusters".
* Author to whom correspondence should be addressed. E-mail: fanle@mail.ustc.edu.cn selective system. Based on this method, stable metal nannoclusters such as Au 561+13 , Au 923±20 [15] have been fabricated, and some metal oxides clusters such as TiO 2 and ZnO with the controlled diameters of several nanometers have been also prepared [16, 17] . However, the multiple valence states of Tin oxide (e.g. SnO, Sn 3 O 4 , SnO 2 ) make it difficult to prepare SnO 2 nanoclusters and no related experiment has been reported by using this method until now. In addition, the wide energy band gap (∼3.5 eV) of SnO 2 always limits its versatile application. It's necessary to modulate the band gap of SnO 2 in order to explore its further application. It is well-known that Fdoped SnO 2 frequently causes a robust metallic state, losing its semiconductor property, while the oxygen vacancy has been certified to be an effective way to control band gap [21−25] . Compared with traditional method for oxygen vacancy introduction such as post annealing in vacuum or decreasing the oxygen flux during preparation, the oxygen vacancy generated by gating with ionic liquid is more effective and convenient [24, 25] . Meanwhile, the band gap can be continuously controlled. Although the metal-insulator transition (MIT) modulation by gating with ionic liquid has been reported, few was about SnO 2 material. In fact, the large surfacevolume ratio of SnO 2 nanoclusters prefers to promote cation contacting with SnO 2 nanoclusters, which improves the generation of oxygen vacancies in SnO 2 , exhibiting more apparent MIT effect. In our current work, well-dispersed SnO 2 nanoclusters with uniform size distribution were fabricated by using the cluster beam deposition technique. HR-TEM was employed to investigate the morphology and microstructure of prepared SnO 2 clusters. Moreover, the metal insulator transition was achieved by applying gate voltage with ionic liquid. Based on theory calculation, the corresponding mechanism was completely illustrated.
II. EXPERIMENTS
A. SnO 2 nanoclusters preparation
SnO 2 nanoclusters were fabricated by gas phase cluster beam deposition system as shown in FIG. 1(a) . The clusters were generated in a magnetron plasma gas aggregation cluster source at a pressure of about 80 Pa. Due to liquid nitrogen cooling and the collision occurring with buffer Ar atoms in magnetron chamber, the cluster growth is effectively stopped. Consequently, the size of clusters can be modulated by controlling the cooling tube distance and the flux of buffer Ar atom. Subsequently, the clusters continue to pass through two skimmers into a high vacuum deposition chamber. The clusters transport rate is monitored by a high precision quartz crystal microbalance. In our experiment, the sputtering power is controlled at 40 and 50 W, respectively. After deposition, the post-annealing process was finished under 50 Pa oxygen pressure keeping at 100
• C for 10 min in order to achieve good crystalline.
B. Sample characterization
The morphology and microstructure of the SnO 2 clusters were performed by field emission transmission electron microscopy (FE-TEM, JEM-2100F). For electrical property measurement, the SnO 2 nanoclusters were directly deposited on interdigital electrode with spacing of 100 µm, while the 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-imide (HMIM-TFSI) liquid covered on SnO 2 nanoclusters and the corresponding voltage between gate and drain was kept at 2 V with Keithley 2400 instrument. The resistance of SnO 2 nanoclusters as a function of temperature was measured by a customized four-probe system with variable temperature platform.
C. Theory calculation
The first-principles calculation was carried out by the Vienna ab initio simulation package (VASP). The PBE parameterization with generalized gradient approximation (GGA) was used to describe exchange and correlation effects, while the projector-augmented wave (PAW) was employed to treat the electron-ion interactions. The conjugate-gradient method was performed for geometrical optimization until all the residual forces were smaller than 0.02 eV/Å. The lattice constant of SnO 2 (a=b=4.83Å and c=3.24Å) was optimized by using 450 eV as cutoff energy and 4×4×4 MonkhorstPack k-point sampling. For oxygen vacancy calculation, 2×2×3 super-cell consisting of 72 atoms was built and only one oxygen atom was just deleted. FIG. 1(b, c) shows the TEM images of as-prepared SnO 2 nanoclusters under different sputtering power. For 40 W input powder with 100 s deposition time ( see  FIG. 1(b) ), the nanoclusters are randomly distributed on carbon-coated copper grid. While increasing the sputtering power only causes more quantity of nanoclusters loading on substrate without cluster agglomeration (seen FIG. 1(c) , 50 W input power), exhibiting high repeatability for nanocluster preparation. The statistical histograms of the size distribution are shown in FIG. 1(b, c) insert and the average cluster size is approximate 6.5 nm, independent of the input power.
III. RESULTS AND DISCUSSION
To observe the detailed lattice fringes and further confirm the crystal structure, HR-TEM was performed, as shown in FIG. 2 . Clear lattice fringes are present in each cluster. By measuring the interplanar spacing, a typical 3.35Å interplanar spacing appears. It's still difficult to confirm the crystal structure only according to this interplanar space. However, some clusters contain more lattices fringes, which arise from different lattice planes (see the dashed box zone in FIG. 2 (a) and (b) ). To better analyze the lattice structure, we took Gating with ionic liquid was always employed to realize MIT property. To accomplish this effect, materials with large surface-volume ratio are recommended since this feature can increase the interface between material and ionic liquid, which prefers to improve the generation of oxygen vacancy when applying gate voltage. To demonstrate MIT modulation, we performed electrical transport measurement of SnO 2 nanoclusters covered by pure ionic liquid as shown in FIG. 3(a) . When applying the positive bias voltage between gate and drain, high-density positive and negative charges are separated, leaving only the positive charges surrounding the SnO 2 nanoclusters. Due to the large surfacevolume ratio of nanoclusters, the positive charges can fully contact with SnO 2 nanoclusters, which ultimately improve the formation of oxygen vacancies in SnO 2 . As shown in FIG. 3(b, c) , the sheet resistances of asprepared SnO 2 nanoclusters were about 2.0×10
6 Ω at room temperature, which gradually decreased with increasing temperature. Of note, the sheet resistances were two-order of magnitude lower than their original states at 250
• C, which well coincided with some typical insulator-metal transition feature, indicating MIT occurrence during heating process. After gating at 2 V for 30 min, the sheet resistance of as-prepared SnO 2 nanoclusters reached the same level as that in high temperature (seen in FIG. 3(b) ), indicating the formation of metallic state. Besides, this state can recover its original state after annealing in ambient air at 300
• C for Due to the high charge density of ionic liquid, the positive charges surrounding SnO 2 nanoclusters drive the oxygen ions to migrate from SnO 2 , which further decreases the hybridization between Sn and O. As a consequence, partial Sn 4+ ions are reduced to Sn 3+ in order to maintain charge neutrality, causing the itinerant electrons increase and tending to stabilize metallic phase. To further confirm the effect of oxygen vacancies in SnO 2 , we also carry out first-principles calculations based on density function theory. The basic calculations are performed in the supercell with 2×2×3 primitive unit cells for rutile SnO 2 consisting of 72 atoms, while only one oxygen atom is deleted for oxygen vacancy calculation . FIG. 4(a) shows the crystal structure of SnO 2 with one oxygen vacancy. As removal of oxygen atom at defect site, negative charges were accumulated because of Sn atoms at around the defect, resulting in typical polarization charges. Such polarization effect then drives electrons to shift up the Fermi level and consequently form a metallic state. Besides, the Sn−Sn bond around oxygen vacancy will become short from the standard 3.24Å to 3.21Å along c axis, which prefers to increase the overlap of energy band and tends to form local metallic state, just like interfacial strain inducing low critical temperature in VO 2 material [26] . To further test the electronic structure, the density of state around the Fermi level of SnO 2 with or without vacancy is performed, the results are shown in FIG. 4(b) . The pure SnO 2 exhibits a band gap of ∼3.5 eV. As presence of oxygen vacancy, a new band appears at Fermi level, which leads to metallic property. Thus, the oxygen vacancy in SnO 2 indeed causes a metallic behavior.
IV. CONCLUSION
In summary, the well-dispersed SnO 2 nanoclusters were successfully prepared by gas phase cluster DOI:10.1063/1674-0068/cjcp1903049 c ⃝2019 Chinese Physical Society beam deposition system. The morphology and microstructure were confirmed by HR-TEM. Meanwhile, the metal-insulator transition of SnO 2 nanoclusters was achieved by gating with ionic liquid. The corresponding mechanism was deeply illustrated from oxygen vacancy induced formation of electron-doping, which was certified by first-principles calculation.
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